Abstract-A wideband circularly polarized patch antenna is proposed. The wide impedance and axial ratio bandwidths are achieved by the proposed feeding mechanism, which entails the use of a circular microstrip line coupling through four Γ-shaped slots to generate four sequentially phased sources to excite the single layer patch antenna. The proposed antenna can provide an SWR bandwidth of over 16.5% (for SWR < 1.5) and an axial-ratio bandwidth of 13.3% (for AR < 3 dB). The performance of the antenna has been confirmed by both measurement and simulation. The antenna gain is enhanced and backlobe radiation is reduced by placing a reflector at an optimized location.
INTRODUCTION
Circularly polarized (CP) antenna plays a major role in many wireless applications, such as RFID systems, and satellite communication and navigation systems. Nowadays, several global and regional satellite navigation systems such as the GPS, GLONASS and BEIDOU, etc., are in operation. It is desirable to have wideband antennas to account for manufacturing tolerance and accommodate two or more systems. There are many CP antenna designs available in the literature with very good performance, such as helix antenna, conical log spiral antenna or skew-planar wheel antenna. However, one of their major limitations is their bulky size, especially for portable wireless devices. Microstrip antennas are suitable and favorable for such application due to their low profile and light weight features. CP patch antenna can simply be illustrated by a square patch with truncated corners [1] [2] [3] . Other commonly known techniques are adding tails [2] [3] [4] or cutting slots [4] [5] [6] [7] [8] on the patches. It is also possible to use a U-shape feed line to feed a microstrip ring antenna [9] . Even though the above designs have CP characteristic, they exhibit an axial ratio bandwidth of less than 4%, which is not sufficient to accommodate for multiple navigation systems at the same time. To widen the axial ratio bandwidth, techniques like wideband feeding mechanism [10] [11] [12] and sequentially phased feeding networks [13] [14] [15] [16] [17] can be employed. The axial ratio bandwidths of CP patch antenna can be highly increased to over 10%. However, the geometries of the above wideband feeding mechanisms are complicated; while the sequentially phased feeding networks enlarge the size of the printed circuit or the ground plane.
In this paper, a new feeding mechanism for patch antenna with circular polarization is proposed. The antenna has a simple feeding geometry, which is an integration of a hook shape feed line and four Γ-slots only. The antenna has an impedance bandwidth of 16.5% (for SWR < 1.5), an axial ratio bandwidth of 13.5% (for AR < 3) and an average gain of 6 dB ic across its operating frequency band. The antenna is very low profile, only 0.084λ0. Parametric studies of each portion of the antenna are provided. Gain enhancement and backlobe radiation suppression by placing a reflector at an optimized position are shown in the last section of the paper. Results show that a front-to-back ratio of 20 dB can be ensured within the operating bandwidth.
ANTENNA GEOMETRY
The geometry of the proposed circularly polarized patch antenna is shown in Fig. 1 . The antenna has two main portions, a metal patch at the top and a double sided printed-circuit-board (PCB) at the bottom and both of them are square. The bottom side of the double sided PCB has a microstrip line; while the top side of the double sided PCB has four Γ-shaped slots etched on the ground plane. It is noted that the centers of the metal patch and the double sided PCB are aligned together but they are located at different level along the z-direction. They are separated by a foam supporting block with a thickness of h 1 , which is 11 mm. The square patch has a length (L) of 43.4 mm and a thickness of 0.3 mm. The PCB has a thickness (h 2 ) of 1 mm, length (G L ) of 60 mm and dielectric constant ε 2 = 2.65. 
RESULTS
All the simulations of the proposed antenna are performed by using a commercial EM software HFSS (version 12). An optimized prototype was fabricated and tested. The SWR of the antenna was measured by an Agilent E5071C Network Analyzer, while the gain, axial ratio and radiation pattern of the antenna were measured by a SatimoStarLab system. Fig. 2 shows the simulated and measured SWRs of the proposed antenna. The results in Fig. 2 show that the antenna exhibits a measured impedance bandwidth of 16.5%, which is from 2.31 to 2.725 GHz (SWR < 1.5) while the simulated impedance bandwidth is 19.1% from 2.23 to 2.7 GHz. Fig. 3 shows the comparison of the measured and simulated axial ratios and gains of the proposed antenna versus frequency in the boresight direction. It is found that the measured 3 dB axial ratio bandwidth is about 13.3%, which is from 2.31 to 2.64 GHz, while the correspondence bandwidth by simulation is about 12.3%, which is from 2.322 to 2.627 GHz. The measured gain in the boresight direction has a peak gain of 7.37 dBi at 2.6 GHz and a gain around 6.5 dB ic within the frequency range. The corresponding results by simulation are 5.8 dB ic at 2.52 GHz and around 5 dB ic . Figure 3 also shows that the measured axial ratio curve has two local minimum points within the 3 dB axial ratio bandwidth, which are 2.37 GHz and 2.57 GHz respectively. The measured and simulated radiation patterns in φ = 0 • and φ = 90 • planes at these two frequencies are plotted in Fig. 4 . At 2.37 GHz, it is seen that the difference between RHCP and LHCP by measurement and simulation are 15 dB and 20 dB, respectively, within the half-power beamwidth of the radiation pattern, and are 20 dB and 22 dB, respectively, in the boresight direction. The antenna has a 3 dB beamwidth of about 77 • at φ = 0 • plane and about 71 • at φ = 90 • plane by measurement. The correspondence simulated results are 76 • and 74 • , respectively, and the measured result is different from the simulated result only by less than 4%. The front-to-back ratio of the antenna at this frequency is about 6 dB by measurement and 5 dB by simulation.
At the second local minimum of the axial ratio curve at 2.57 GHz, the measured RHCP radiation is less than the LHCP radiation by 25 dB in the boresight direction. The radiation patterns of the RHCP by simulation and experiment are almost the same at φ = 0 • and φ = 90 • plane. The antenna has a measured 3 dB beamwidth of about 72 • at φ = 0 • plane and about 69 • at φ = 90 • plane with the simulated beamwidth results of 71 • and 69 • , respectively. The percentage difference between measurement and simulation is below 4%, which is the same as the result obtained at the 2.37 GHz. Both of the measured and simulated front-to-back ratios of the antenna at this frequency are about 5 dB.
PARAMETRIC STUDIES
In this section, a parametric study is carried out. All the parameters in Fig. 1 are optimized values using genetic algorithm. In optimization, we developed a custom-make genetic algorithm (GA) program, which is linked with a simulator. Firstly, we need to set some requirements to the program; for example, the axial ratio and SWR of the antenna should be below 3 and 2 within a frequency range. Secondly, the program will start to simulate the performance of the antenna. When simulation is finished, the program will check if the results fulfill the requirements or not. If no, the program will automatically adjust the dimension of the antenna and simulate again; if yes, GA program will stop running, as an optimized parameters are found. With a given dielectric substrate for the microstrip feed line, we have only considered the effects of the patch height, patch length, slot length and slot separation on the antenna bandwidth. To simplify the study, only air substrate for the patch is used for all cases in this section. It is found that the SWR of the antenna is stable for all cases in this section. In contrast, the axial ratio of the antenna is relatively sensitive to the change of the above parameters. Therefore, only the results of axial ratio against frequency are presented in this section.
Patch Height
Patch antenna with a thicker substrate normally has a wider impedance bandwidth. However, there is an optimized patch height for the axial ratio bandwidth. Fig. 5 shows the simulated axial ratio for patch height of 9 mm, 10 mm, 11 mm and 12 mm. Other than the patch height, all the other parameters of the antenna are the same as the one in Fig. 1 . It is found that the optimized patch height for having Axial ratio (dB) Frequency (GHz) Figure 6 . Simulated axial ratio against frequency for different values of L.
the widest axial ratio bandwidth is h 1 = 11 mm, which is around 0.09λ g . It is seen that the performance of the axial ratio bandwidth is relatively sensitive to the change of h 1 , especially when the substrate thickness is 10 mm. Therefore, choosing the right patch height is important. Figure 6 shows the simulated results of the square patch with edge lengths of 38 mm, 40 mm, 43.4 mm, 46 mm and 48 mm. When the patch has a longer length, the center frequency of the axial ratio becomes lower and vice versa. This is in good agreement with the operating principle of patch antenna: the patch length is about half wavelength at the center frequency of the antenna. For L = 43.4 mm, 46 mm and 48 mm, similar percentage bandwidths are obtained for the axial ratio. This implies that the tolerance of the patch length is around ±3 mm, and is around ±7%, as well as the axial ratio bandwidth is not sensitive to the patch length.
Patch Length

Slot Length
The length of the Γ-shaped slot is highly related to the coupling from the feed line to the radiating patch. Fig. 7 shows the simulated results of the proposed antenna with different lengths of L c . It is noted that the center frequencies of the antennas are relatively insensitive to the slot length but widest axial ratio bandwidth is achieved with the optimized value for L c = 17.5 mm. Figure 8 . Simulated axial ratio against frequency for different values of slot separation. Figure 8 shows the simulated results of the proposed antenna with the slot separations of 2.2 mm, 3 mm, 4 mm and 5 mm. It is found that this separation can control the deepness of the axial ratio, while the coverage of the frequency range can be keeping almost the same. Therefore, this portion can be used to fine tune the axial ratio deepness of the proposed antenna.
Slot Separation
DISCUSSION
Wideband Characteristic
Patch antenna in circular polarization can be fed by aperture coupling with a cross slot [6] , and an axial ratio bandwidth of 2.5% can be obtained. However, this axial ratio bandwidth is too narrow and is necessary to be further enhanced. A single feeding cross-aperture coupled microstrip antenna with a hybrid matching is proposed in [18] . This CP antenna has the advantage of simple in structure and will not enlarge the antenna size. The axial ratio bandwidth of this antenna is enhanced to 4.6%. Even though the improvement is around 84% if compared with the design in [6] , the axial ratio bandwidth of this antenna is still not wide enough for multiband applications, which need an axial ratio bandwidth up to 10%. The proposed antenna in this paper is similar to the antenna design in [18] . Both designs have a hybrid feeding network using aperture coupling. However, the proposed design has four Γ-shaped slots, while the antenna design in [18] employed a cross-slot. The difference of the coupling slot results in a significant improvement in the impedance and axial ratio bandwidths by 65% and 190%, respectively, when compared to the cross slot design. Figure 9 (a) shows the input impedance of the proposed antenna. It can be seen that the input resistance curve has two peaks, which are at 2.35 GHz and 2.6 GHz. This implies that the antenna has two resonant modes. For these two modes, one mode is a patch mode, which operates at the same mode as the antenna in [18] , and the other mode is a slot antenna mode, which is excited by the four Γ-shaped slots. Fig. 9(b) shows the input impedance when the patch of the proposed antenna is removed. It can be seen that there is only one resonant mode existing at 2.4 GHz when the patch is absent. The remaining resonant mode is very close to the lower resonant mode of the proposed antenna at 2.35 GHz. Since the patch is removed, it is strongly believed that this mode is the slot mode. On the other hand, this implies that the resonant mode at higher frequency is the patch mode. Figure 10 shows the current distribution on the ground plane and the hook shape feed line of the proposed antenna for different values of phase angle. There is a red circle showing the minimum current of on the hook shape feed. It is observed that the current flows in a clockwise direction, which will contribute to a left-hand circular polarization.
Back Radiation Reduction
One of the simplest and most effective methods to reduce back radiation of an antenna is the use of a reflector at the back of the antenna, as shown in Fig. 11 . There are two critical parameters to be optimized, namely, the length of the square reflector (R L ) and the separation between the antenna and reflector (R S ). Theoretically, the best position for putting a reflector is at a separation of 1/4λ 0 behind the antenna and the size of the reflector is as large as possible. However, this is not practical in real application, which is due to size limitation of a device. Therefore, it is necessary to set a targeted frontto-back ratio and find out the smallest R L and R S for each optimization. In this paper, the targeted front-to-back ratio is 20 dB within the 3 dB axial ratio bandwidth. It is found that the optimized values of R L and R S are 80 mm (∼ 0.66λ 0 ) and 25 mm (∼ 0.2λ 0 ), respectively. Frequency (GHz) Figure 12 .
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SWR and axial ratio against frequency of the proposed antenna with reflector. shows the SWR and axial ratio of the corresponding antenna. It is observed that the wide impedance and axial ratio bandwidth characteristics remain unchanged, which are 21% and 10.5% respectively. The reflector can also increase the gain of the antenna. The simulated average gain of the antenna across its operating bandwidth is increased from about 5.5 dB ic to about 8.5 dB ic , which is a 3 dB enhancement. The simulated radiation patterns of the antenna with the reflector at 2.45 GHz, 2.5 GHz and 2.55 GHz are shown in Fig. 14 . It is observed that the radiation patterns are very stable and the back radiations are below −20 dB for all angles. The cross polarization levels at boresight and within the 3 dB beamwidth are below −16 dB across the operating bandwidth. Results show that adding a reflector is simple and effective for suppressing back radiation. The proposed antenna is suitable for wireless communications using circular polarization.
CONCLUSION
A new, simple and low cost single-feed method for circularly polarized microstrip patch antennas has been presented. The feeding geometry is based on aperture coupling technique using a hybrid feed line in hook shape and four Γ-shaped slots. The proposed antenna has wide impedance bandwidth, stable radiation pattern and wide axial ratio bandwidth. The measured SWR (< 1.5) and 3 dB axial ratio bandwidth of the antenna are over 16.5% and 13.3%, respectively. The peak gain of the antenna is 7.4 dB ic at 2.55 GHz by measurement. The cross-polarization level is below 15 dB within the 3 dB beamwidth across the operating bandwidth. Simulations reveal the coupling mechanism of the hook shaped feed line and the four Γ-shaped slots. Adding a reflector at the optimized position can effectively enhance the front-to-back ratio up to 20 dB while the wideband characteristic of the antenna remains unchanged. Results show that the proposed antenna is suitable for nowadays wireless communication with circular polarization.
